An in-vessel tunnel composting facility in Scotland was used to investigate the potential for collection and reuse of compost heat as a source of renewable energy. The amount of energy offered by the compost was calculated and seasonal variations analysed. A heat exchanger was designed in order to collect and transfer the heat. This allowed heated water of 47.3 o C to be obtained. The temperature could be further increased to above 60 o C by passing it through multiple tunnels in series. Estimated costs for installing and running the system were calculated. In order to analyse these costs alternative solar thermal and ground source heat pump systems were also designed. The levels of supply and economic performance were then compared. A capital cost of £11,662 and operating cost of £1,039 per year were estimated, resulting in a cost of £0.50 per kWh for domestic water and £0.10 per kWh for spatial heat. Using the heat of the compost was found to provide the most reliable level of supply at a similar price to its rivals.
Introduction
Composting is an aerobic process where organic materials are biologically decomposed, producing mainly compost, carbon dioxide, water, and heat. Conventional composting processes typically comprise four major microbiological stages in relation to temperature: mesophilic, thermophilic, cooling, and maturation, during which the structure of the microbial community also changes, and the final product is compost [1] . In recent years, the development and widespread use of more expensive in-vessel systems for the processing of biowastes has resulted from legislative pressures on the safety of the composting process and the subsequent use of the compost product [2] . Such systems allow for much more precise control of the composting process particularly in terms of moisture and temperature control [3] . Thus, current composting approaches and technologies tend to emphasize the use of high temperatures (>70
• C) in order to meet regulatory requirements for pathogen control [2] .
Compost has been widely used as soil conditioners and soil fertilizers. This practice is recommended, as soil fertility needs more than ever to be sustained. Food demand is increasing rapidly in non-OECD (Organisation for Economic Co-operation and Development) countries, and it is in those countries particularly where organic waste needs to be diverted from landfill sites to composting practices, so compost can enhance soil fertility [4] . In OECD countries, where composting of organic waste is already established, its use as a landfill cover to abate greenhouse gas emissions has shown to be promising [5] . The addition of compost can minimize land degradation and soil erosion. Additionally, composting can contribute to achieve sufficient hygienisation of organic wastes and control soilborn and airborn pathogens by promotion of beneficial micro-organisms and suppression of harmful micro-organisms [6] .
As energy demand is increasing rapidly, bionergy is seen as one of the primary possibilities for preventing global warming [7] . At present, the immediate factor impeding the emergence of an industry converting biowastes into bioenergy on a large scale is the high cost of processing, rather than the cost or availability of biomass feedstock [8] . Thus, the challenge is to extend the amount of bioenergy that can be produced sustainably by using biowastes, such as municipal, industrial, and construction waste as biomass feedstocks [9] . Thus, it is suggested that the heat generated during composting processes can be reused as a renewable source of energy.
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A limited number of previous studies has investigated the potential energy content of compost. A recent study reports that during high-temperature phases (∼60
• C) of municipal waste composting, on average 1136 kJ kg −1 of heat was released [10] . Similar values (961 kJ kg −1 ) have been reported earlier with an average compost moisture content of 52.7% [11] . Heat produced during the composting of wheat straw and poultry droppings was approximately 17.06 MJ kg −1 [12] and 12.8 MJ kg −1 [13] , respectively. Additionally, it has been reported that the compost from municipal waste is characterised by fairly low values of thermal conductivity coefficient (0.31 Wm −1 K −1 for a compost density of 600 kg m −3 , 60 • C), and that an increase in temperature or density both lead to an increase in the thermal conductivity coefficient [10] . Thus, as the compost ages, and it suffers a reduction in density and temperature, the thermal conduction coefficient will decrease. Klejment and Rosiński (2008) concluded that the low value of heat conductivity coefficients does not allow compost to cool too fast and enables the application of a battery of heat exchangers. A limited number of studies on compost heat reuse has also been reported. Lekic [14] investigated the increase in water temperature between the inlet and the outlet of polyethylene pipes embedded in composting windrows and reported that 73% of the theoretical value of heat energy was transferred to the water. One main limitation of this study was the placement of the pipes within the compost mass. A solution proposed by Seki and Komori [15] involved using a packed column heating tower that transfers the heat from the warm exhaust air of the compost to a volume of water.
From the above, it is fully justified to investigate the potential reuse of compost heat as a source of renewable energy. Our primary objectives were (a) to identify the potential energy available through full-scale in-vessel composting units; (b) to identify potential technological solutions to harnessing/collecting the energy; (c) to identify the optimum alternative use for the energy collected; and (d) to critically evaluate the potential of reusing that heat from compost by comparing the performance with alternative renewable energies.
Materials and Methods

Site
Description. This case study was focused upon the Deerdykes Composting Facility located in Scotland, UK. The facility was originally constructed on the site of a decommissioned sewage treatment works, where much of the existing infrastructure was able to be reused for the composting facility. Work was completed in 2006, and the site currently accepts green waste, industrial sludge, and liquid waste [16] . The main components of the site are the site office, the invessel composting tunnels, the windrow composting area, and the raw material mixing area ( Figure 1 ).
In-Vessel
Units' Description and Operation. There are 8 in-vessel composting tunnels that were constructed in the former presettlement tanks [16] . The dimensions of the tunnels varied with tunnels 1-4 being 5 m wide and 25 m Air was supplied through small aeration holes in the floor of the tunnel thus ensuring aerobic conditions were maintained throughout the compost mass. The air drawn off from the top was primarily recirculated through the compost with a small portion expelled as exhaust air. Additionally, fresh air was mixed with the recirculated air to ensure oxygen concentrations were maintained at acceptable levels. The exhaust air was put through two stages of treatment. Firstly, the wet scrubber removed ammonia, hydrogen sulphide, and volatile fatty acids whilst cooling the warm air. Secondly, the biofilter removed any remaining concentrations of the pollutants and provided odour control, allowing the air to be released to the atmosphere. Potential production of methane, a potent green house gas, in anaerobic "pockets" within the composting pile, would have either metabolically oxidized to carbon dioxide while the percolated through the composting pile, or during its passage through the biofilter. Thus emissions of green house gases were not expected.
The in-vessel composting process was completely computer controlled by a software package specifically designed for the process. The air flow rates for all air blowers were varied automatically depending on the current temperature, oxygen, and pressure levels inside the tunnel. A userdefined minimum oxygen content was maintained whilst aiming to maximise the temperature, and thus degradation rate, of the compost [16] . Once the two-week period was complete the degraded compost material was transferred to the neighbouring windrow pads where it was allowed to decompose for a further 6 weeks. placed into the mass of compost inside the tunnel. Results were recorded with a regular time step of 15 minutes, with the occasional exception, throughout the whole of the degradation process. The 8 temperature values were averaged for each batch in order to derive an overall time-temperature relationship. Any readings that were clearly incorrect were disregarded. Individual time-temperature relationships were then accumulated by season allowing overall trends to be analysed. Subsequently an average time-temperature relationship for each of the four seasons could be created.
On-Site Hot Water
Demand. The average value for daily hot water consumption for the Deerdykes composting facility's site office was calculated at 180 L d −1 . A medium heating requirement of 12 kW for the site office was estimated, which ranged from poorly isolated buildings with a very high heating load of 22 kW [17] to an Eco-House with a required heating load of 8 kW [18] . It was assumed that the heating would be used on average 980 hours per year.
Energy Values.
Energy values were then calculated for each of the four seasons. The method used was of that described by Haug [1] using the standard heat flow into a substance at constant pressure equation. This equation was also utilised in energy-balanced analyses carried out by other researchers in composting systems [19] .
The following equation was used:
where q p is heat energy leaving the system (kJ kg −1 ), m is mass of product (kg), c p is specific heat at a constant pressure (kJ kg
, and ΔT is change in temperature (K). This equation assumes a process at constant pressure with a constant specific heat capacity. This assumption is valid for the relatively small changes in pressure and temperature associated with composting [1] . Heat energy values were calculated for each time step using estimated compost material concentrations and standard specific heat capacity values ( Table 1 ). The energy values were then accumulated by day to give the energy stored in kJ kg −1 day −1 . Cumulative energy over the 15-day composting period was also calculated.
Heat Exchange and Energy Collection.
A heat exchanger was designed for the collection of energy generated during composting. The heat exchanger selected for the purpose of this study was a pipeline made of stainless steel that run suspended from the top of the in-vessel tunnels in the airspace above the composting piles. At the initial calculation stage the length and diameter of pipe required was unknown so the initial pipe layout shown in Figure 3 was investigated. The design of the heat exchanging element of the proposed design was carried out using the principles and methods discussed by Shah and Sekulic [20] .
Nomenclature used in the following section is summarized in Table 2 . The aim of the design process was to determine the outlet temperature for both the hot and cold fluid for a suggested heat exchanger surface area 2.6.1. Hot Fluid. In this case study, the hot fluid was the warm, moist air that is released by the composting process and circulated throughout the tunnel. The temperature of this air was dictated by the temperature of the compost itself; the majority of the air was recirculated. The temperature of the air approached that of the compost after the process has been running for a certain period. The only other effect on the temperature of the air was through heat conductive losses through the concrete walls and roof of the tunnel. The mass flow rate of the air through the tunnel was driven by a centrifugal blower the maximum capacity of which was 8000 m 3 hr −1 . These blowers were controlled in real time by computer to regulate oxygen and moisture levels.
Cold Fluid.
It was proposed to use water as the cold fluid that runs through the pipe work of the heat exchanger. This was due to its low cost, ease of availability, and its thermal properties which were optimal for absorbing and storing thermal energy [21] . The mass flow rate of the water was fully controllable by the design team. A pump, pressure, or gravity fed system was designed according to requirements.
Individual Heat Transfer Coefficient. The individual heat transfer coefficient was calculated using
where ΔQ is the heat input or heat lost (J), h is the heat transfer coefficient, (W m
, A is the heat transfer surface area (m 2 ), ΔT is the temperature difference between the solid surface and surrounding fluid (K), and Δt is the time period (s).
Overall Heat Transfer Coefficient.
The overall heat transfer of the pipe was calculated by summing the individual heat transfer coefficients of the acting fluids using [20] 1 U
where the subscripts o and i refer to the outside and inside of the pipe wall, respectively, U is the overall heat transfer coefficient (W m −2 K −1 ), and h , f is the thermal fouling resistance capacity (W m −2 K −1 ).
Design Equations.
The heat capacity rates for each fluid were calculated using [20] 
Subsequently the heat capacity ratio, C * , could be calculated using (5) . The heat capacity ratio is simply the smaller-tolarger ratio of the heat capacity rates of the two fluids
The next step was to calculate the ratio of the overall thermal conductance to the smaller of the two heat capacities, which is defined as the number of transferred units (NTUs). This was found with the following equation:
Once these values were obtained the exchanger effectiveness, ε, was calculated. The equation for exchanger effectiveness depends on the type and flow direction associated with the particular exchanger being designed. In this case study (7) was used as it is appropriate for the counter-flow conditions that existed in the tunnel [20] 
Once the exchanger effectiveness was calculated the fluid outlet temperature was found using
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where Q HW is the daily heat requirement (kWh day −1 ), V HW is the daily hot water consumption (L day −1 ), c p is the specific heat capacity of water (Wh kg
, and ΔT is the temperature difference between the hot and cold water (K).
In order to calculate the area of the solar collector required the desired solar fraction, SF, and the overall average system efficiency, η SYS , of the solar collector were found. The SF is the ratio of solar heat yield to total energy required by the building and is shown by (10) . It showed what percentage of the yearly heat energy demand is to be supplied by solar rather than conventional means
where SF is the desired solar fraction, Q S is the solar heating requirement (kWh), and Q AUX is the auxiliary heating requirement (kWh). Achieving as high a solar fraction as possible would appear desirable, however due to the variable nature of solar energy throughout the year in temperate zones it is advisable to aim for a solar fraction of around 60% [17] . Aiming for a solar fraction of 60% prevented the supply of hot water becoming overly stressed during the winter months, due to the provision of a backup boiler supply.
If aiming to counter this by using a large area of solar collectors to better cope with winter months, it will result in an oversupply of hot water during the summer months, thus a much less efficient design. For these reasons as the solar fraction increases the system efficiency decreases. When coupled with the high set-up costs associated with a scheme of that kind it proved to be an option that limits the economic attractiveness of solar thermal systems [17] .
The average system efficiency is the ratio of solar heat yield to global solar irradiance experienced by the absorber surface and is linked to the solar fraction. Average system efficiencies η SY S take into account losses at the collector, solar circuit, and storage. Guidelines state that initial calculations should assume a η SYS of 0.35 for a flat-plate collector and 0.45 for an evacuated-tube collector [17] . This data was then used to calculate the required area of solar collector using (11) . The yearly solar irradiance value, E G , was calculated for Glasgow (Table 3) :
where A is absorber surface area (m 2 ), Q HW is the daily heat requirement (kWh day −1 ), SF is the desired solar fraction, E G is the yearly potential solar irradiance (kWh m −2 year −1 ), and η SYS is the average system efficiency.
In order to calculate the optimal diameter for the piping of the solar circuit it is vital to regulate both the speed of flow and the volumetric flow. In order to minimise noise nuisance and prevent abrasion a flow speed, v, of 0.7 m s −1 is to be aimed for [17] . The level of volumetric flow is key in keeping the collector cooling at an efficient rate, preventing overheating and therefore wasting energy. It has been shown that a volumetric flow of about 40 L hr −1 per m 2 of collector area is ideal [17] . The volumetric flow was calculated using Subsequently the optimum pipe diameter, D, could be calculated using
This calculation allowed an appropriate size of commercially available pipe to be proposed. The recommended method for calculating the collector area required to fulfill spatial heating demand is currently far less developed than for domestic hot water supply [17] . This is due to the highly variable nature of the thermal insulation of buildings, individual preferences for the comfortable temperature of a room, and whether the building uses conventional or underfloor heating systems. The calculation method used was of that described by DGS (2005) which is based solely on the living area required to be heated. The relationships presented in Table 4 are valid for a climate with a low solar fraction of 35% such as the UK and were used to calculate the collector surface area and storage volume that would be required [17] . Regarding a ground source heat pump design, generic design guidelines for specifying ground source heat pumps are currently at an underdeveloped stage. Figure 4 shows the seasonal average temperature temporal profiles between January and December 2008. The compost reached temperatures above 60
Results and Discussion
Temperature and Energy Values.
• C after two days, and the highest values (∼70 • C) were recorded during the summer. This time is similar (2-4 days) to that observed when composting with one direction of airflow [22] , but higher than that observed (0.63 days) using high recirculation of processed air [19] . Average temperatures at the end of day 12 of composting were above 65
• C during spring, summer, and autumn, and about 60 • C during the winter, which was close to the values reported by Harper et al. [23] Energy values were calculated using these average temperature profiles, and they are presented in Figure 5 , where Figure 5 (a) presents daily energy values and Figure 5( Figure 5 (a) can be explained by the overall energy losses being greater than the energy emitted on those particular days, as the in-vessel systems were not hermetically closed. Cumulative energy values ranged from approximately 7000 to 10 000 kJ kg −1 . These values related well to those reported by Ekinci at al. [19] for biosolids and wood chips (8092 kJ kg −1 ) and Steppa [24] for organic waste (9000-11 000 kJ kg −1 ), but were lower than that reported by Sobel and Muck [13] for poultry droppings (12 800 kJ kg −1 ), and by Stainforth [12] for wheat straw (17 600 kJ kg −1 ). Additionally, they were greater than that for paper mill sludge and poultry manure compost (3649 kJ kg −1 ), and that for straw and poultry manure compost (5111 kJ kg −1 ) [23] . Differences in cumulative energy values are due to differences in decomposition rates under different conditions and heat of combustion values of the different composting substrates, which lead any direct comparisons being difficult to arrive upon and ultimately ineffectual. However, it is clear that, as these values are in line with a section of the existing research, they are reliable figures which may be utilised appropriately for subsequent calculations. The main reason for seasonal variation is likely due to the difference in material that is available during that particular season. For example, there will be less nitrogen rich material such as grass cuttings Heat transfer coefficients
Heat capacity rates
Heat capacity ratio
Overall heat transfer coefficient 1 U 
eqn top line 0.6466 eqn bottom line 0.8895 E 0.7270 during the autumn and winter months, thus resulting in a lower overall energy content.
Heat Exchanger and Potential Uses for the Gathered Heat.
All design parameters are summarised in Table 5 , and the pipe layout in the in-vessel unites shown in Figure 6 . These layouts provide enough length whilst managing to avoid contact points such as temperature probe holes and exhaust air outtakes. Using this particular pipe dimension leads to the hot and cold fluid exit temperatures that are presented in Table 6 . These have been calculated for varying cold water inlet temperatures, due to the potential seasonal variability, International Journal of Chemical Engineering and an initial air temperature of 65
• C in each case. According to these values, the hot water could be transferred to a storage vessel site office and used to supplement the hot water supply. The predicted daily demand of 180 L day −1 could be met in full by the heat exchanger, which runs at a flow rate of 3 L min −1 . This would remove the need for gas or electricity to provide hot water. However, in order to meet storage legislation [25] the temperature of the stored water must exceed 60
• C at all times. Currently the heated water leaving the tunnel heat exchanger system is at a temperature between 47.3
• C and 50 • C, depending on the temperature of the cold water entering the system. However, if the water exiting a tunnel is put through another tunnel in which degradation is also underway then higher temperatures can be achieved. For example, calculations based on an initial cold water feed of 0
• C and initial hot air temperatures of 65
• C, and 63.7
• C by passing water through 0, 1, 2, and 3 tunnels in series. Thus, by passing the same volume of water through 2 or 3 in-vessel tunnels, the required storage temperature of 60
• C can be achieved. As the hot air is at an approximate temperature of 65
• C, then passing the water through more than three in-vessel tunnels has little improved effect and is likely inefficient practice.
The main issue with this use is that it requires at least two tunnels to be operating at the same time. If considering the usage over the past year as an accurate gauge then two or more tunnels are running simultaneously on 91% of days and three or more tunnels are running simultaneously on 78% of days (Calculations and graphical solution behind these statements not shown). It can be suggested therefore that domestic hot water supply, which requires a higher temperature for storage, can be supplied at least 78% of the time whilst underfloor spatial heating, as discussed below, can be provided 91% of the time. Another issue is that this system will require additional infrastructure to facilitate the level of control needed to direct the water into the correct tunnels. Two-way switch valves can be installed which could be controlled manually or by computer if required.
If underfloor heating is provided in the new site office then it may be feasible to provide the hot water for the system. Standard operating procedure for underfloor heating is to have an inlet temperature of 55
• C and a return flow at 45
• C. The water will therefore have to be passed through two in-vessel tunnels in series and so provide 91% of the yearly demand. Standard underfloor systems require a heated water flow rate in the region of 1.55 L min −1 [26] . The heat exchanger element has been designed with a flow rate of 3 L min −1 so is capable of meeting demand. Water could be stored thus allowing the pumps to be run for fewer hours . These supply and demand parameters led to the quantification of the solar thermal system components as shown in Table 7 . The predicted performance of this system is to provide 60% of the offices yearly hot water demand. The remaining 40% will have to be provided by an auxiliary conventional boiler system. Regarding the design for spatial heating, for a heated living area of 200 m 2 , the evacuated tube surface area chosen for design was 12.53 m 2 , and the store volume 700 L.
Ground Source Design.
The method utilised to size and cost a suitable ground source heat pump system is very simplified and will not provide wholly accurate or reliable answers. This process was carried out in order to provide a comparison of typical cost and performance level of alternate renewable sources and is therefore for guidance purposes only. If a more detailed design is to be carried out a full site survey will be required to determine ground conditions and the levels of thermal insulation provided by the site office. Table 8 summarises the cost per kWh of energy generated for each of the three possible methods. This cost is based solely on the annual operating cost required to run the system. Capital costs are provided for information and comparative purposes only and are not a factor in the cost per kWh calculation. The fraction of spatial heating provided is based on supplying a standard underfloor heating system with an input temperature of 55
Cost Benefit Analysis.
• C. Capital costs do not include the underfloor heating system or the heating network itself. These should be similar if not identical for each system.
From this it is clear that reusing the heat offered by the compost is an economically attractive option when compared to alternate possible renewable sources. It is able to provide the highest proportion of the total hot water requirement of the three systems. Although comparative costs per kWh are greater than for solar thermal regarding domestic hot water supply and greater than ground source heat pump regarding spatial heating, these supplies will have International Journal of Chemical Engineering to be boosted to a greater degree by additional conventional boiling. The capital cost of using the heat from the compost, although large, is also attractive when compared to its competitors. Although the ground source heat pumps capital cost is lower, this initial gain will soon be lost with the high level of additional hot water heating required to provide domestic hot water supply. This cost assumes all 8 tunnels will have a heat exchanger element installed, thus increasing reliability. A cost that has not been included is the valve control system that directs the water into the correct tunnels. This could be controlled manually, but an appropriate computer controlled system will guarantee a reliable supply of water. The expenditure of such a product has not been included.
Conclusions
The amount of energy that could be obtained from composting at the Deerdykes composting facility near Glasgow has been calculated as between 7000 and 10 000 kJ kg −1 for a 15-day composting period. The variations were likely due to seasonal differences in conditions and raw material supply.
The results were in line with alternate existing investigations into material of similar composition. This showed that the compost contained a usable amount of energy if it could be gathered.
Methods of extracting the heat were fully researched. A solution of absorbing the heat contained in the expelled air in the tunnel space above the compost was put forward. A bespoke air-water heat exchanger utilising stainless steel piping was designed and specified. The outlet temperature of the water was shown to be 47.3
• C. This can be shown to rise to above 60
• C if the water is passed through multiple tunnels in series.
Several usable purposes were suggested for this heated water, including contributing to the site offices hot water demand and process optimisation. Adequate levels of heated water were shown to be provided for the domestic hot water and spatial heating supplies for 78% and 91% of the time, respectively.
Installing this system was submitted to preliminary costing in order to calculate a cost per kWh of energy that could be displaced by using the heat of the compost. This cost was then compared with that of specially designed solar International Journal of Chemical Engineering thermal and ground source heat pump systems. From this the heat exchanger system could be put into a real world context. The system was found to provide the most reliable supply of the three systems, and to do so at a very competitive price of £0.499 and £0.097 per kWh for domestic hot water supply and spatial heating, respectively. It can therefore be concluded that collecting the waste heat of compost through a heat exchanger is a realistic solution to contributing to energy demand.
Further investigations to maximize the production of heat from in-vessel units are ongoing.
